Protein-deoxyribonucleic acid relaxation complexes have been demonstrated for six Staphylococcus aureus plasmids out of sixteen examined. Four of these encode streptomycin resistance, have molecular weights of about 2.7 x 106, and are isolated as supercoiled molecules that are virtually 100% relaxable by treatment with sodium dodecyl sulfate. It is probable that these four isolates represent a single widely disseminated plasmid species. The other two plasmids showing relaxation complexes have molecular weights of about 3 x 106 and encode chloramphenicol resistance. The complexes in these cases are unstable, and it has not been possible to induce more than 50% relaxation by any of the standard treatments. Ten other plasmids do not show detectable complexes. These include three penicillinase plasmids, four tetracycline-resistance plasmids, one plasmid carrying kanamycin-neomycin resistance, and finally, two chloramphenicol-resistance plasmids.
Many of the plasmids found in enteric organisms are isolated as site-specific protein-deoxyribonucleic acid (DNA) relaxation complexes in which attempts to remove the bound protein in vitro usually convert the supercoiled (SC) plasmid DNA to the relaxed form by the introduction of a scission in one polynucleotide strand at the site of the bound protein (2, 3, 10) . It has recently been shown that in the case of the ColEl plasmid, at least one of the proteins involved is encoded by the plasmid and is required for plasmid replication (4) .
Extensive earlier studies in this laboratory have failed to reveal relaxation complexes involving either the relatively large staphylococcal penicillinase plasmids or a small tetracycline-resistance plasmid (unpublished data). We have, however, recently encountered two smaller plasmids encoding chloramphenicol and streptomycin resistance, respectively, that are present largely in the open circular (OC) form as isolated (Bouanchaud and Novick, unpublished data; 16). This report presents evidence demonstrating that these two plasmids are indeed present as protein-DNA relaxation complexes.
MATERIALS AND METHODS
Organisms and culture condition. The staphylococcal plasmids studied are listed in Table 1 . Most of these plasmids were transduced into strain 8325-4 (12) , the standard plasmid-negative host strain used in this laboratory. The strains were stored, cultured, and labeled with radioactive thymidine as previously described (17) .
Preparation of plasmid DNA. Cleared lysates (2) were prepared by two different methods, one involving the production of protoplasts in high salt followed by lysis with nonionic detergents (13) (referred to as high-salt lysates), and the other involving direct enzymatic lysis of the organisms in a lowsalt buffer (referred to as low-salt lysates).
High-salt lysates were prepared by the method of Clewell and Helinski (2) as modified for S. aureus (13) . The key feature of this method is the use of 2.5 M NaCl for osmotic protection of the protoplasts before detergent lysis, the salt concentration in the final cleared lysate being 1.25 M.
Low-salt lysates were prepared by resuspending the washed organisms in 0.1 M NaCl with 50 mM ethylenediaminetetraacetate (EDTA) at pH 6.9, at a cell density of 10'0/ml, adding lysostaphin, 50 ,ug/ml, and incubating at 37°C until the completion of lysis (usually 10 to 15 min). These lysates were cleared by centrifugation at 49,000 x g at 0°C for 30 min. As with standard cleared lysates (2), the clearing centrifugation removed over 99% of the chromosomal DNA, leaving most of the plasmid DNA in the supernatant.
Pure plasmid DNA for use as a sedimentation standard was prepared from high salt-protoplast cleared lysates. The crude supernatants were concentrated by precipitation with 10% polyethylene glycol, and the precipitate was redissolved in 0.1 M NaCl with 0.01 M EDTA, pH 7.6, and treated with Pronase (Calbiochem), 100 ug/ml, for 1 h at 55°C. Plasmid DNA was then purified by equilibrium dyebuoyant density centrifugation (15) . After removal of ethidium bromide with Dowex-50 cation exchange Fig. 2 , 5) sucrose gradients were fractionated by dripping onto SS25 glass fiber filters (Schleicher and Schuell) which were processed with trichloroacetic acid and ethanol, as previously described (17) . Later it was found that the trichloroacetic acid-soluble radioactivity was wellseparated from the DNA species of interest, and in subsequent experiments (see Fig. 1, 3, 6 ) the gradients were collected directly in glass mini-vials and counted without further processing. For these gradients, the counting fluid was a 5.3:2.7:1 mixture of toluene-PPO (2,5 diphenyloxazole), Triton X-100, and water, respectively. ring the plasmid. Abbreviations are in accord with the
RESULTS
The preparation and analysis of plasmid DNA from S. aureus in this laboratory has been done for several years with high-salt cleared lysates (13) . The main reason for this is that in our hands sucrose at concentrations below 60% provides rather poor osmotic protection for protoplasts.
In a series of experiments in which salt-protoplast lysates were analyzed by band sedimentation on neutral and alkaline sucrose gradients, it was found that two different plasmids, pC221 and pC223, both encoding chloramphenicol resistance, were present as approximately 40% SC and 60% OC molecules; three different ones encoding streptomycin resistance, pS177, pS169, and pUB109, were present as about 20% SC and 80% OC; and two encoding tetracycline resistance, pT127 and pT169, were present as essentially 100% supercoils.
Relaxation complexes. Although the ColElplasmid-protein complexes are not relaxed by 1 M NaCl (3), it was considered possible that the predominance of OC plasmid DNA in lysates of these strains was due to salt-sensitive relaxation complexes. Accordingly, low-salt lysates of all of the plasmid-carrying strains listed in Table 1 were prepared and analyzed on neutral sucrose gradients. Typical results are shown in Fig. 1 , in which a tetracycline-resistant strain, RN1801 (carrying pT127) ( Fig. 1C and 1D ), was compared with a streptomycin-resistant strain, RN1777 (carrying pS177) ( Fig. 1A and 1B ).
These lysates were analyzed directly on neutral sucrose gradients and also after treatment with 1% sodium dodecyl sulfate (SDS), the agent found most effective in relaxing the ColEl complex (2) . Note that both plasmids were initially present as nearly pure supercoils and that the streptomycin resistance plasmid was converted nearly quantitatively to the OC configuration by SDS ( Fig. 1A and 1B ), whereas the tetracycline plasmid, pT127, was unaffected by this treatment. On the basis of this result, it appears that relaxation complexes are indeed present; as demonstrated below, these complexes are, in fact, salt sensitive. In contrast to the sedimentation behavior of the ColEl complex (2), no difference in sedimentation rate between the pS177 complex and purified pS177 SC DNA could be demonstrated (data not shown). This presumably means that the mass of bound protein is not sufficient to affect significantly the sedimentation rate of the molecule.
Relaxation of the pS177 complex was also obtained by subjecting the RN1777 lysate to other conditions known to relax the ColEl complex. These results are shown in Fig. 2 where it can be seen that heat (Fig. 2B ), ethidium bromide ( Fig. 2C ), and Pronase ( Fig. 2D ) all relaxed a portion of the initially SC molecules but had no effect on the pT127 plasmid present in a differentially labeled control lysate of RN1801 which was mixed with the former before the various treatments were carried out. It appears from these results that treatments other than SDS may either remove the protein from some of the molecules without inducing relaxation or else inactivate the endonuclease activity without inducing relaxation. For Pronase, at least, the former must surely be the case.
Low-salt cleared lysates were prepared from a total of 16 different plasmid-carrying strains (including the two mentioned) and analyzed on neutral sucrose gradients with and without SDS. Some of the lysates were also examined after treatment with Pronase. In all cases, Pronase-treated, dye-buoyant density gradientpurified plasmid DNA was used as a control for adventitious nicking, serving also as a sedimentation marker. The results of these tests are listed in Table 2 , where it can be seen that three other streptomycin-resistance plasmids behaved similarly to pS177 with respect to SDSinduced relaxation and to sedimentation rates. Similarly, all of four tetracycline-resistance plasmids were essentially indistinguishable by these criteria.
The four plasmids encoding chloramphenicol resistance, however, were heterogeneous in size, in response to treatment with SDS, and in the apparent stability of their relaxation complexes. These results are illustrated in Fig. 3 , which shows neutral sucrose gradient patterns for all four, with and without SDS, and with purified pC221 DNA as a control and sedimentation marker. Thus, of these four, one, pC194, was isolated apparently as 100% nonrelaxable supercoils (see below and Fig. 4 ), and another, pC223, was isolated in low salt as 100% supercoils, of which only about 40% were relaxable by SDS. In this case, it appeared as though che complex sedimented slightly faster (in comparison to the pC221 marker) than the SC molecules surviving SDS treatment ( Fig. 3C and  3D) . A third, pC221, was isolated even in low salt as a mixture of supercoils and open circles. For this plasmid, a variable proportion of the supercoils was relaxable, never higher than about 30%; in some low-salt lysates, no relaxation complexes were detectable by these techniques. The fourth plasmid, pUB112, appeared initially to be a mixture of closed and open circles, with a molecular weight of 6 x 106, unaffected by treatment with SDS (Fig. 3E, F) . This pattern, however, as well as that given by pC194, could not be interpreted unambiguously. For the latter (Fig. 3G, H) , the single peak could have been a nonrelaxable supercoil of molecular weight 1.8 x 106, or a fully relaxed species with a molecular weight of 4 x 106. The pUB112 pattern could also have represented a mixture of SC dimers and monomers with molecular weights of 6 x 106 and 3 x 106, respectively. Accordingly, dye-cesium gradients were run on several of the low-salt lysates with the following results. Figure 4A shows a dye-cesium radioactivity pattern for pC194. Virtually all of the counts are in the SC position, and so we conclude that pC194 is, indeed, a nonrelaxable plasmid with a molecular weight of 1.8 x 106, making it the smallest naturally occurring functional plasmid yet encountered. In Fig. 4B Figures 4C and D show dye-cesium patterns for pC223 and pS177. In both cases, these are fully consistent with expectations based on the sucrose gradient patterns for these two plasmids (Fig. 3C , D for pC223, and Fig. 1 for   PS177 ).
Stability of complexes. The relaxation complexes involving pS177 and pS194 were unaffected by two cycles of freezing and thawing and so may be regarded as relatively stable. The complexes involving pC221 and pC223 were also stable to freezing and thawing; however, that involving pC221 was apparently generally unstable and therefore difficult to isolate. In some preparations no complex could be demonstrated at all; in such cases only a stable mixture of supercoils and open circles was obtained. Never was more than a small fraction of the SC DNA relaxable by SDS or other treatments (see Fig. 3A complex. The result ofthis treatment was, however, somewhat different. In Fig. 5 the results are shown of an experiment in which a low-salt lysate of pS177 was run on a set of 5 to 20% neutral sucrose gradients with varying salt concentration. In this experiment, the complex was stable at 0.3 M NaCl but was unstable at 1 M NaCl. Subsequent experiments (not shown) have indicated that the complex is stable at 0.4 M NaCl but is unstable at 0.8 M NaCl.
It should be noted, incidentally, that there is a rather striking effect of salt concentration on the sedimentation of the purified pT127 marker DNA (which was about 50% SC and 50% OC in J. BACTERIOL. the experiment shown in Fig. 5 ). The SC molecules are much more sensitive to salt concentration than the OC molecules, with their sedimentation rate being inversely proportional to salt concentration. Variations in sedimentation rate of SC DNA as a function of ionic strength bear a complicated relationship to superhelix density (18) ; however, the effects seen here may be due at least in part to proteins bound nonspecifically to the DNA since they are largely reversed by SDS (see Fig. 2 and reference 3) . Figure 5C shows that in 1 M NaCl, the complex sediments as a broad peak, between the SC and OC positions. In an attempt to understand the basis of this peculiar sedimentation pattern, the experiment shown in Fig. 6 was performed. Here, the complex was incubated in 1 30 10 ,CTION NUMBER 3-E-H.
M NaCl at room temperature for varying periods of time, then diluted to give a salt concentration of 0.4 M and analyzed by band sedimentation on a neutral sucrose gradient with 0.3 M NaCl. Relaxation in 1 M salt was gradual, evidently requiring something close to 80 min for completion (Fig. 6 ). This result accounts nicely for the previous observation of an intermediate sedimentation rate in 1 M NaCl. In the experiment shown in Fig. 5C , salt was added to the sample to give a concentration of 1 M, and the sample was immediately layered on the gradient and centrifuged. Since most of the complexes would not yet have relaxed at that stage, they must have relaxed during the sedimentation run (which was in a gradient containing 1 M NaCl), giving rise to an intermediate peak. Fig. 1 and 3 were analyzed by equilibrium dye-buoyant density centrifugation. In some cases, a sample of 14C-labeled (0) pC221 SC DNA was added as a density standard. The gradients (volume, 2 ml) were collected on SS25 fiberglass filters and processed in trichloroacetic acid and ethanol, as usual (17) . ( a Figures refer to percents of material originally sedimenting in the SC position. All values below 10% should be regarded as highly approximate since no attempt was made to resolve the curves mathematically.
b Calculated from comparative sedimentation rates in sucrose gradients (6, 7) . Effect of glucose. In view of the earlier finding that the ColEl relaxation complex is subject to catabolite repression (9), the effect of glucose on the formation of relaxation complexes in S. aureus was evaluated. Since the streptomycinresistance plasmids were present as essentially 100% complexes even when the bacteria were grown in the presence of glucose (CY broth [17] , the standard culture medium, contains 0.5% glucose), there seemed to be no room for improvement for these. A better candidate was pC221, which had previously been shown by Ruby (C. Ruby, Ph.D. thesis, New York University, 1975) to be isolated from high-salt lysates as a much higher proportion of open circles when the culture had been grown without glucose than when it had been grown with glucose. Accordingly, low-salt-cleared lysates of cultures of strain RN1305 (carrying pC221) grown with and without glucose were prepared and analyzed for SDS relaxability. In this particular experiment, there was no relaxable complex and no significant difference in the OC/SC ratio, with or without SDS, and so the question of a possible glucose effect must remain open.
DISCUSSION
These results demonstrate clearly the presence ofplasmid-protein relaxation complexes in S. aureus. Although there has not been a direct demonstration of the protein bound to the plasmid DNA, the indirect evidence provided by Pronase-and SDS-induced relaxation admits of no other simple explanation. It is assumed for the present without direct proof that these complexes are similar to those formed in Escherichia coli, i.e., the DNA is covalently closed but is nicked by disturbance of the complex.
As with the enteric bacteria, there is considerable variability from plasmid to plasmid with respect to these complexes; thus, on the one hand, extensive studies have failed to reveal relaxation complexes for the three prototype penicillinase plasmids, pI524, pI258, and pII147, for a kanamycin-neomycin resistance plasmid, pK545, or for any of four tetracyclineresistance plasmids. It should be noted, however, that a considerable amount of protein appears to bind to these plasmids when isolated and analyzed in low salt, as evidenced by the reduction in sedimentation rate after treatment with Pronase or SDS (see Fig. 1 ). Presumably, this is "nonspecific" binding as it is essentially abolished by 0.3 M NaCl, a salt concentration that has no effect on the bona fide relaxation complexes. On the other hand, all of four inde- pendently occurring plasmids encoding streptomycin resistance are isolated as relaxation complexes with very similar properties. That is, they are all fully complexed when isolated in low salt, and they are all relatively stable but relaxed nearly quantitatively by SDS. In contrast, the four chloramphenicol-resistance plasmids seem to be all different: two, pC194 and pUB112, having no complex; one, pC221, having a very unstable complex; the fourth, pC223, having a relatively stable one. The latter two resemble one another at least in that relaxation treatments never converted more than about 50% of the molecules to the OC form.
On the basis of these results, it seems probable that two widely disseminated plasmids are responsible for most tetracycline and streptomycin resistance, respectively, in S. aureus, but that several different plasmids encoding chloramphenicol resistance seem to be prevalent. This conclusion is rather hypothetical at present; studies of incompatibility and base se-quence homology would be required to test it. Thus far, it is known only that pT127 and pT169 have very high base sequence homology (unpublished observation).
As for the significance of relaxation complexes, the results of Helinski and co-workers suggest that they are involved in replication (4), although it is not yet clearjust how they are involved. At present there is no evidence either for or against any involvement of the staphylococcal plasmid complexes in replication. However, the finding that the streptomycin-resistance plasmids are essentially 100% complexed may make the study of the behavior of these complexes during replication somewhat easier.
